The affinity of copper(II) porphyrins for pyridine ligands is extremely weak, but oligo-pyridine templates can be used to direct the synthesis of Cu-containing cyclic porphyrin oligomers when they also have Zn centers.
Introduction
The use of templates to control the formation of covalent bonds, via non-covalent interactions, has provided access to many fascinating molecular structures. [1] [2] [3] [4] Various types of reversible interactions can be used in template-directed synthesis. The most versatile of these approaches is arguably the coordination of zinc porphyrins to oligo-amine templates.
5- 15 Zinc porphyrin nanorings exhibit intriguing photophysical and ligand-binding behavior, [12] [13] [14] [15] [16] [17] yet their scope would be dramatically expanded if we could include other transition metal centers. Here we present a strategy for the synthesis of nanorings with copper(II) porphyrins at two specic positions across the diameter of the macrocycle and zinc at the other sites, c-P6 Cu2 and c-P10 Cu2 , using templates T6 and T5, respectively (Fig. 1) . This methodology should be applicable for the synthesis of many other heterometallated porphyrin nanorings.
Heterometallated porphyrin oligomers have been widely investigated as model systems for exploring electron transfer, [18] [19] [20] energy transfer, [21] [22] [23] [24] nonlinear optical activity 25 and molecular recognition.
26- 28 The presence of an open-shell copper(II) ion in a porphyrin oligomer provides a local uorescence-quenching site, due to relaxation via d-d transitions, although phosphorescence from trip-doublet states is sometimes observed.
29- 31 Thus the quenching of uorescence from a freebase or zinc porphyrin by a remote copper center provides a test for long-range energy migration. 23 EPR measurements have been used to probe the structure of DNA strands covalently attached to copper(II) porphyrin units. 32 The through-space dipolar coupling between two paramagnetic copper(II) centers can be measured by EPR using double electron-electron resonance (DEER) . 33 This technique provides accurate information on Cu/Cu distances in the range 2-5 nm. 34 The ability to place two copper(II) centers at precisely dened positions in a nanoring enables the conformation and exibility of the whole assembly to be probed by EPR.
While the binding of zinc(II) porphyrins to amines has been studied extensively, 36, 37 little is known about the coordination of axial ligands to copper(II) porphyrins (Fig. 2) . The interaction appears to be extremely weak, as expected from a consideration of the relevant orbitals. In Cu(II) (d 9 ) complexes, there is strong ligand binding in the equatorial plane, due to a single vacancy in the 3d x 2 Ày 2 orbitals. Bonding in the equatorial plane is also enhanced by hybridization of the 4s and 3d z 2 orbitals which leads to a build-up of electron density along the z-axis, causing a reduction in axial binding strength. 
41
Some insights into the interaction of copper and zinc porphyrins with pyridine are provided by DFT calculations.
42-45
A plot of the self-consistent eld (SCF) energy vs. distance (d 1 ) from constrained DFT geometry optimizations at xed metalpyridine distances (Fig. 2b) 46 The scarcity of crystallographic data and the length of this Cu-N bond illustrate the weakness of the interaction.
Results and discussion

Synthesis of linear porphyrin oligomers
Two linear porphyrin oligomers with a copper porphyrin in the middle of the chain, P3 Cu and P5 Cu , were prepared by coupling the free-base deprotected porphyrin monomer P1
00
2H with a large excess of mono-protected monomer P1 Zn , as shown in Scheme 1 (n ¼ 1 and n ¼ 2, respectively). Copper was then inserted into the central free-base porphyrin unit at the nal stage of the synthesis. This route was adopted because the free-base intermediates have better solubility than the corresponding copper porphyrins, and because it can easily be modied to insert other metals at the centers of the oligomers. Copper-free palladium catalyzed coupling conditions were used to avoid premature insertion of copper into the free-base porphyrin units. 49 All of the compounds were fully characterized by MALDI-ToF mass spectroscopy, UV-vis-NIR and NMR spectroscopy (see ESI, Section S6 †).
Synthesis of heterometallated porphyrin nanorings
The six-porphyrin nanoring with two copper centers, c-P6 Cu2 , was prepared by the oxidative homocoupling of two deprotected trimers, P3 00 Cu , in the presence of the hexadentate template T6 (Scheme 2). Polymerization predominated in this reaction, and the desired product, c-P6 Cu2 $T6, was isolated in only 2% yield, reecting the weak binding of the Zn/Cu/Zn trimer to the T6 template.
15
The ten-porphyrin nanoring with two copper centers, c-P10 Cu2 , was prepared using a 'caterpillar-track' templating strategy, 12 by oxidative homocoupling of the deprotected pentamer, P5 00 Cu , in the presence of a pentadentate template T5 (Scheme 3). In this case, the larger number of zinc binding sites leads to stronger binding of the template and a more efficient synthesis. The desired heterometallated nanoring was isolated as its template-complex c-P10 Cu2 $(T5) 2 in a 17% yield. The T5 template was removed from this complex in quantitative yield by addition of excess pyridine.
NMR spectroscopy of copper-containing oligomers
Many copper porphyrins have been synthesized, but their NMR spectra are rarely reported, because they tend to give broad unresolved resonances.
50,51 NMR measurements on paramagnetic compounds are oen uninformative since the unpaired electron causes rapid relaxation, resulting in broad signals, 52 however the heterometallated porphyrin oligomers used in this study are large enough to give informative 1 H NMR spectra, and the effect of the paramagnetic center provides extra information. Protons close to the copper ion give extremely broad peaks, whereas those further from the paramagnetic center are well resolved.
The aromatic regions of the 1 H NMR spectra of the linear trimers containing either a free-base, P3 2H , or a copper porphyrin, P3 Cu , are compared in Fig. 3 . The NMR spectrum of the diamagnetic compound P3 2H shows sharp signals for both the b-protons (at 8.9-10.0 ppm) and the aryl-protons (at 7.8-8.2 ppm). In the spectrum of the copper-containing trimer, P3 Cu , the signals for the b-protons nearest to the copper (g and h) are completely unobservable, whereas the signals further removed from the copper (a-d) are well resolved. The deterioration observed in the 1 H NMR spectrum of P3 Cu is a direct result of the presence of the paramagnetic copper center and can be attributed to shortening of the T 1 and T 2 relaxation time constants. Values of T 1 and T 2 were determined for P3 Cu and P3 2H using the inversion-recovery and Carr-Purcell-Meiboom-Gill (CPMG) sequences, respectively. 53 As expected, analysis of the data for the signals a-j in P3 2H shows little variation; the T 1 times are in the range 2-3 s (Fig. 3a) and the T 2 times are 0.05-0.78 s (see ESI, Fig. S36 †) . These values fall in the range expected for molecules of this size and reect the local environment of the protons within the molecule. As a result of the paramagnetic copper center, P3 Cu has considerably shorter relaxation times; T 1 ¼ 0.10-1.12 s (Fig. 3b) The relaxation rates are considerably faster for P3 Cu than for P3 2H indicating that all protons are affected by the copper center. Additionally, the relaxation rates are noticeably greater for the signals in closer spatial proximity to the copper center in P3 Cu , allowing us to estimate the relative distances between the protons and the copper center based on their relaxation times. The difference in relaxation rate R 1 between protons in P3 Cu and P3 2H can be dened as DR 1 according to eqn (1) .
Dipolar relaxation rates are expected to depend on the inverse 6 th power of the distance between two magnetic dipoles, eqn (2) . Fig. 3c shows a plot of the experimental values of DR 1 against the distance (r) between the copper center and the corresponding proton, estimated from crystal structures of similar oligomers. 55 The good t to eqn (2) conrms the expected distance dependence and shows that changes in T 1 relaxation rate can be used to gain structural information.
The NMR spectra of the porphyrin pentamer P5 Cu are more complicated than those of P3 Cu , because there are twice as many zinc porphyrin environments (see ESI, Section S3 †). Protons further from the copper center give rise to sharp signals, but many of the signals overlap so T 1 and T 2 were not measured for these oligomers.
Quantication of the Cu-porphyrin pyridine interaction
Chemical double-mutant cycles (DMCs) are a way to probe weak, non-covalent interactions by utilizing the cooperative binding effect of stronger neighboring interactions.
41,56 This approach allows one to disentangle the free energy contribution due to chelate cooperativity associated with the formation of intramolecular non-covalent interactions. We envisioned that we could utilize the cooperative binding effect of the four zinc porphyrins in P5 Cu to force the copper center to interact with the template and determine its contribution to the binding strength. The DMC illustrated in Fig. 4 quanties and eliminates all secondary and allosteric effects associated with single mutations and provides a measure of the free energy benet associated with the Cu/N interaction by comparing the affinities of T4 and T5 for P5 2H and P5 Cu .
Simply comparing the stabilities of P5 Cu $T5 and P5 2H $T5 (complexes A and B respectively) would give an estimate of the energy of the Cu/N interaction, but this approach could lead to false conclusions because a mutation in one part of the molecule (P5 Cu / P5 2H ) may inuence other interactions; for example, a free-base porphyrin might be more exible than a copper porphyrin, which would add to the stability of P5 2H $T5, or there might be a contact between the pyridine ligand and the free-base porphyrin which could destabilize P5 2H $T5. Similar issues apply to a simple comparison of complexes A and C, where a single mutation is made in the ligand (T5 / T4). The DMC approach overcomes these problems by cancelling the secondary free energy effects of the mutations in a pairwise fashion in the thermodynamic cycle.
41
The cycle is completed by probing the stability of complex D (P5 2H $T4), in which both the copper center and the central binding leg are removed.
The 1 : 1 complexes shown in Fig. 4 were generated by titrating solutions of the corresponding porphyrin pentamers dissolved in chloroform with the ligands T5 or T4. These UV-vis-NIR titrations gave sharp end points, and the complexes are too stable for their formation constants to be determined directly from their formation curves. Therefore, denaturation titrations were performed to determine the formation constant K f via the denaturation constant K dn .
14,15,57 A large excess of pyridine was titrated into solutions of the 1 : 1 complexes (ca. 10 À6 M in CHCl 3 at 298 K) to displace the multidentate ligands. Our analysis assumes that the denaturation processes are essentially all-or-nothing two state equilibria (i.e. that intermediate partially denatured species do not build up to signicant concentration). This assumption is supported by the isosbestic nature of the UV-vis-NIR titrations and by the good ts of the curves to the calculated binding isotherm for a two-state equilibrium (Fig. 5) . Denaturation constants were used to calculate the formation constants K f using eqn (3): Fig. 4 The chemical DMC used to investigate the interaction between the copper center in the central porphyrin and the pyridine leg of template T5. Ar ¼ 3,5-bis(tert-butyl)phenyl, THS ¼ trihexylsilyl. where K Py is a reference binding constant which was approximated to the binding of pyridine to porphyrin monomer P1 Zn (see ESI, Fig. S2-4 ; † K Py ¼ 3.2 Â 10 3 M À1 in CHCl 3 at 298 K).
58
The denaturation titrations of the complexes with pyridine are illustrated in Fig. 5 and the results are summarized in Table 1 . The absorption spectra of the complexes with multidentate ligands are more red-shied (black lines) than the nal spectra (red lines) in which the complex is completely denaturated. The observed red-shi is caused by the more rigid structures and reduced porphyrin-porphyrin dihedral angles in the template complexes, compared to the free oligomers. The absorption spectrum of the template complex P5 Cu $T5 (A) clearly reveals more structure in the Q-bands compared to P5 2H $T5 (B), P5 Cu $T4 (C), and P5 2H $T4 (D), which is further evidence for the interaction of the copper center with the template. Binding to T5 locks every porphyrin unit in P5 Cu into position and the rotational freedom of the central copper porphyrin is lost, giving rise to the observed characteristic ne structure in the absorption spectrum. In the complexes P5 2H $T5 (B), P5 Cu $T4 (C), and P5 2H $T4 (D), motion of the central porphyrin is less restricted resulting in a broader absorption band. The spectral changes observed in the denaturation of complexes B-D are similar because in all cases there is no interaction between the central porphyrin and the template.
The stability constants of complex P5 Cu $T4 (C) and P5 2H $T4 (D) are nearly identical, indicating that there is no inductive effect on the binding interaction due to the presence of copper and that the exibility of copper and free-base porphyrins are comparable. A slightly lower stability constant is found for complex P5 2H $T5 (B), which might reect steric repulsion of the central template leg with the central free-base unit of the oligomer. The formation constant of the complex P5 Cu $T5 (A) is roughly an order of magnitude higher than the others, due to interaction of the copper center with the template.
The energy of the copper-pyridine interaction (DDG Cu ) was calculated from eqn (4):
where DG X is the statistically corrected energy of formation of complex X calculated according to eqn (5); K chem(X) is the statistically corrected formation constant and K s(X) is the statistical factor of complex X (see ESI, Section 2 †).
Analysis of these data reveals that the energy of interaction between the copper center and the template is DDG Cu ¼ À6.2 AE 0.4 kJ mol À1 . This interaction energy is substantially less than the energy of the copper porphyrin pyridine interaction from DFT calculation (56.6 kJ mol À1 , Fig. 2 which would correspond to a free energy for a bimolecular copper porphyrin pyridine interaction of DG Cu z 0 (i.e. K z 1 M
À1
). However there are reports that the coordination of pyridine to a metalloporphyrin is more entropically unfavorable which would explain the very weak association constant.
40,62
When two molecules bind together through more than one point of interaction, the increased stability resulting from chelate cooperativity can be quantied by the effective molarity (EM). 57 . This value illustrates how a high effective molarity enables very weak interactions to be measured.
Conclusions
We have demonstrated that linear porphyrin oligomers can be prepared containing a central free-base porphyrin unit and zinc at the other sites. The free-base porphyrin can be metallated with copper(II), without transmetallation at the zinc centers, to prepare heterometallated linear oligomers, which are precursors to mixed-metal nanorings.
1 H NMR spectroscopy can be used to gain structural information on porphyrin oligomers containing paramagnetic copper(II) centers. While the signals corresponding to protons in close proximity to the copper are broadened to the extent that they can no longer be observed, protons further from the copper are well resolved. The changes in proton relaxation rate constants (R 1 ¼ 1/T 1 ) due to the presence of the copper center P1 Zn in CHCl 3 at 298 K). However such a comparison is misleading because DG Zn includes the loss of translational entropy associated with bringing two molecules together, whereas DDG Cu is measured in a situation where the interaction is effectively intramolecular with a high effective molarity. The heterometallated porphyrin nanoring complexes c-P6 Cu2 $T6 and c-P10 Cu2 $(T5) 2 have been prepared by templatedirected synthesis. The molecular geometry and metal ligand interactions in the nanoring c-P10 Cu2 have been investigated using EPR, the results of this study are presented in an accompanying paper. 
